The electrochemical behavior of graphite anode in KF-KBF 4 molten salt at 500°C was studied by means of cyclic voltammetry, electrochemical impedance spectroscopy and chronopotentiometry techniques in this present work. The results showed that I-type "CF" compound is formed at 1.5 V vs. Pt-QRE, and II-type "CF" compound is formed at 2.1 V, while fluorine gas is formed at 4.9 V. The electrochemical reaction at 1.5 V is quasi-reversible, while the electrochemical reaction at 2.1 V is irreversible. The resistance of II-type "CF" compound is higher than I-type "CF" compound, and the value of charge transfer coefficient (β) for electrochemical formation II-type "CF" compound is calculated to be 0.26.
Introduction
Fluoride molten salt systems are being widely employed in fluorine chemistry and extractive metallurgy. Alkali metal fluorides are mixed with HF to form low temperature melts that are used for F 2 generation and NF 3 production. For instance, KF-2HF molten salt is usually electrolyzed at 100°C to produce F 2 , 1,2 and NH 4 F-HF electrolyte can be operated at around 120°C to produce highly pure NF 3 . 3, 4 Furthermore, fluoride molten salts with higher operating temperatures are employed in metal production processes. Cryolite melts (Na 3 AlF 6 ) are used commercially in aluminum production, and potassium tetrafluoroborate are also used in boron production. 57 However, when carbon material anode is used in these molten fluorides for electrolysis, a negative effect which is denoted as anode effect occurs. The anode effect which results in a consumptive energy and environmental pollution has been widely paid attention to. Some researchers 810 suggested that the carbon fluoride film ("CF" film) forms on graphite anode during the course of anode effect, though it was hardly detected since "CF" film will decompose at high temperatures.
Carbon fluoride compounds can be formed electrochemically during the course of electrolysis in fluoride molten salts. "CF" films, including fluorine-graphite intercalation compounds (C x F) and graphite fluoride [(CF x ) n , 0.5 < x < 1], have been found and verified by XPS during fluorine evolution in KF-2HF molten salt at low temperature. 11, 12 However, it is difficult to find graphite fluoride in high temperature molten salts because graphite fluoride thermally decomposes in the temperature range of 570605°C. For aluminum electrolysis with Hall-Héroult process, which is usually carried out at 950970°C, it is hard to know the nature of anode effect and to evaluate the rate of coverage of carbon anode surface with graphite fluoride. It is also difficult to determine quantitatively the formation and decomposition rate of graphite fluoride films. Based on the fact that the anions in KF-KBF 4 ), the electrochemical anodic processes of graphite electrode are studied in KF-KBF 4 eutectic molten salt system at 500°C in this present work. The aim of this work is to understand the electrochemical fluorination reactions and the passivation mechanism on graphite electrode in fluoride molten salts.
Experimental
Anhydrous potassium fluoride and potassium fluoborate were placed in a graphite crucible and heated up to 400 and 300°C, respectively under vacuum for 4 h to remove the moisture before experiments. The composition of electrolyte was 74 mol%KBF 4 -26 mol%KF, and the experimental temperature was 500°C. Electrochemical experiments were performed with a three-terminal electrochemical cell as shown in Fig. 1 . A graphite crucible was served as the container for the electrolyte and also as a large surface area counter electrode (CE). The working electrode (WE) was a graphite spine with a cone-shaped end. Except for the cone-shaped Figure 1 . The sketch of electrochemical cell. Electrochemistry part, the rest of the WE graphite rod was shielded with boron nitride (BN) tube. A platinum wire of 1.0 mm diameter was employed as quasi-reference electrode because of its good stability in fluoride molten salt. 15 Hence, all potentials in the present work are expressed versus the platinum reference electrode (vs. Pt-QRE). The whole electrochemical cell was placed inside a stainless steel crucible with a continuous argon circulation during the experiment.
Electrochemical measurements were performed with an AUTOLAB PGSTAT30 instrument monitored by a computer with commercial software-GPES and FRA. Pre-electrolysis was carried out at 1.5 V vs. Pt-QRE for 120 s before every electrochemical measurement.
Results and Discussion

Cyclic voltammetry
The cyclic voltammogram of KF-KBF 4 molten salt on graphite electrode from ¹2 to 2 V vs. Pt-QRE is shown in Fig. 2 . The scan potential starts from 0 to 2 V with a scan rate 20 mV/s, and the second inflexion potential is ¹2 V. There are three oxidation peaks (p a1 , p a2 , and p a3 ) and one reduction peak (p c1 ) on the whole cyclic voltammogram.
The ions in KF-KBF 4 eutectic molten system are K + , F ¹ , and BF 4 ¹ . 13, 14, 16 The possible electrochemical reactions are shown as Eqs. (1) and (2) .
Boron is easy to be reduced than potassium since its reduction potential is more positive than that of potassium as shown in Eqs. (1) and (2) . It is reasonable to induce that the first reduction peak (p c1 ) in Fig. 2 is for the reduced reaction for boron. Also, according to Shi et al. 17 research, boron is deposited at a more negative potential than Pt reference electrode, and potassium will be deposited at a more negative potential.
A typical cyclic voltammogram of anodic process on graphite electrode in KF-KBF 4 molten is shown in Fig. 3 . The scan potential section is from 0 to 8 V respectively. It is noted that the faradic current emerges at point A, and three oxidation peaks p 1 , p 2 , and p 3 at 1.5, 2.05, and 4.9 V are observed. The reduction current appears at point B and forms a peak, p 4 , at 0.38 V. It is supposed to be due to the reverse reaction of oxide reaction at p 1 . But there are no reverse reactions corresponding to potentials at p 2 and p 3 .
It is reported that the reaction occurring at p 3 (in Fig. 3 ) generates fluorine gas, 11, 18 and a kind of carbon fluoride compound, denoted as I-type carbon fluoride compound (I-type "CF") is formed on the electrode (oxidation peak p 1 ), 19 and it may be partially reduced (according to the reduction peak p 4 ). The «¦¤ p « value is about 0.98 V, which is larger than 0.15 V (2.3RT/nF). According to the characteristic of quasi-reversible electrode reaction, 2023 it can be deduced that the electrode reaction of I-type "CF" formation on graphite electrode is a quasi-reversible process. When the potential goes more anodic, another carbon fluoride compound (denoted as IItype "CF") forms (oxidation peak p 2 ). However, it is hard to reduce II-type "CF" since there is no corresponding reduction peak. In another words, the reaction of II-type "CF" formation is irreversible. Moreover, Fig. 3 indicates that the graphite electrode may have been passivated as seen by the sharp drop in the oxidation current at p 2 .
In early 1979, N. Watanabe 24 advanced carbon fluoride generation theory for electrolysis in fluoride molten salt using carbon anode. They proposed that F ¹ discharges and combines with carbon to generate (C 2 F) n and (C 2 F) n when it is electrolyzed in KF-2HF molten salt. (C 2 F) n is first formed with the discharge of F ¹ , then (C 2 F) n is further fluorinated to form (CF) n at more anodic potential in KF-2HF molten salt electrolysis process. It was proposed that anode effect is dependent on the formation of (CF) n . In our experiment, the results show that the graphite electrode may have been passivated after the reaction that takes place at potential p 2 as discussed above. This observation in our experiment is consistent with their conclusion.
Electrochemical impedance spectroscopy
Based on the analysis of cyclic voltammogram, the electrochemical impedance spectroscopies were measured at potential 1.5 V vs. Pt-QRE (E p1 in Fig. 3 ) and potential 2.1 V vs. Pt-QRE (E p2 in Table 1 . In this equivalent circuit, the frequency response signal of composite element (LR) is caused by wire wrap connection of electrode; R s is resistance of the electrolyte between working electrode and reference electrode; CPE1 (constant phase element) indicates that the dispersion effect occurs during the electrode process, and its value is considered as the interface capacitance of working electrode according to the n value of 0.68; R ct is charge transfer resistance; CPE2 is the diffusion impedance. Generally, charge transfer resistance, R ct , characterizes the difficulty of charges going across the phase interface between working electrode and electrolyte during electrode process at a certain potential. The simulation value of R ct is 135 ³ which indicates the charges going across the phase interface is not easy because of I-type "CF" surface substance formed on electrode surface. Electrochemistry, 81 (7), 538542 (2013)
The Nyquist plot and Bode plot at potential 2.1 V are shown in Figs. 6(a) and 6(b) . A wide plateau is noticed on the phase curve in Fig. 6(b) . Actually, it is the superposition of two time constants.
That is to say, there exists another state variable X which influences the electrode surface reaction besides electrode potential. The influence of the state variable X attributes to the high resistance of II-type "CF" surface substance formed on graphite electrode surface. On this condition, faradaic admittance can be described as following,
Where, R ct is the charge transfer resistance, ³; a is dimensional constant, s
¹1
; B is dimensional constant, ³ ¹1 ·cm ¹2 ·s ¹1 . R ct and a are positive values, and only B is positive value or negative value. When B < 0, low-frequency response is capacitance; and when B > 0, low-frequency response is inductance. This principle has been Electrochemistry, 81(7), 538542 (2013) discussed in detail elsewhere. 25, 26 In this work, a capacitance frequency curve is shown in Nyquist plot at low frequency stage, as seen in Fig. 6(a) . Therefore, B < 0, the Eq. (5) can be obtained and expressed as,
It is derived from Eq. (5) according to Eq. (4),
Resistance R a and capacitance C a are introduced and defined as follows,
Then,
The circuit description code of Z 0 F in Eq. (8) is R ct (R a C a ). Based on the above, the impedance diagram can be simulated using the equivalent circuit shown in Fig. 7 . Simulation plot is shown in Fig. 6 , and parameters of the elements are listed in Table 2 . In the equivalent circuit, the frequency response signal of composite element (LR) is caused by wire wrap connection of electrode; CPE is the interface capacitance of working electrode according to the n value of 0.82; the frequency response of composite element (R a C a ) is related to state variable X.
Different kinetic mechanisms of electrode reactions are indicated by the equivalent circuits in Figs. 5 and 7. The I-type "CF" formed at potential 1.5 V has electrochemical activity, and the equivalent element CPE2 indicates the F ¹ diffusing in the phase of I-type "CF" surface substance. At this potential, the slow diffusion rate is the limitation step of electrode reaction. However, II-type "CF" formed at polarization potential 2.1 V has a higher resistance leading to a hard charge transferring. At the potential, electrochemical reaction is the rate-determining step. Comparing the parameters of elements in Table 2 and Table 1 , and it is noticed that the charge transfer resistance R ct at 1.5 V and 2.1 V is 135 ³ (287 ³/cm , respectively. This indicates the charges transferring is very difficult at 2.1 V, in other words, II-type "CF" has larger resistance than I-type "CF".
Chronopotentiometry
The charge transfer coefficient of irreversible electrode system can be calculated by potential-time curve. A typical potential-time curve of graphite electrode in KF-KBF 4 molten salt is shown in Fig. 8 . The three transition time constants,¸1,¸2, and¸3, characterize all anodic reactions on graphite electrode. The formation of carbonfluoride compounds are characterized by transition time constants¸1 and¸2. And¸3 is the transition time constant of F 2 evolution at high applied potential. They correspond to oxidation p 1 , p 2 , and p 3 , respectively in Fig. 3 .
The inflexions of potential-time curve are usually defined as initial position of transition time constants, and¸can be determined by means of derivative method. The peaks in first-derivative curve correspond to potential inflexions in potential-time curve, and transition time constant value is the distance difference of every two adjacent peaks. Thus,¸1 is equal with¸2, and the value is 0.0041 s.
For a completely irreversible electrode system with single charge transfer, the potential-time relationship can be described as follows,
where E ª B is formal potential, V; R is gas constant 8. ; is time constant, s.
Then, the Eq. (10) is obtained based on Eq. (9),
According to analysis of CV, the electrode reaction occurred at¸2 plateau is irreversible. Therefore, the transfer coefficient ¢ can be calculated by Eq. (10) . The values of E¸/ 4 and E 3¸/4 at¸2 plateau are picked up in potential-time curve, and the electron number is 1. Substituted into Eq. (10), the calculated value of ¢ is 0.26. Fig. 7 . Electrochemistry, 81 (7), 538542 (2013) The charge transfer coefficient reflects the influence on the energy barrier of electrode by electrode potential. It can be described as Eqs. (11) and (12).
where ÁG Generally, ¡ + ¢ = 1, and ¡ µ ¢ µ 0.5. The lower value of ¢ results in the energy barrier ÁG 6 ¼ a higher, which makes the charge transferring become harder. Therefore, the low value of ¢ can indicate the difficulty of electrode reaction. In the present work, the ¢ value of 0.26 indicates the anode has a higher energy barrier ÁG 6 ¼ a due to the formation of II-type "CF" surface substance.
In Table 3 , some experimental values of the charge transfer coefficient ¢ in HF-KF molten salt have been reported, which are calculated from classical steady-state current-potential curves 29, 30 or from potential decay curves, 31, 32 following the method developed by Busing et al. 33 In addition, it may be noticed that all the ¢ values (in this work and literatures) obtained for the anode fluorinated reaction are consistent with the electron tunneling mechanism since they are generally much lower than 0.5.
In addition, an electrochemical oxidation reaction is treated as an elastic tunnel transition for the electron transferring from an occupied level in the electrolyte to an unoccupied term in the other phase, i.e., the conduction band of the metallic anode for example. 34 According to this mechanism of electron transfer by tunnel effect theory, the probability of electron transfer depends on the thickness and the height of the energy barrier for a tunnel effect process. Therefore, it can be supposed that the low transfer coefficient ¢ is attributed to the resistivity II-type "CF" surface substances formed on graphite electrode.
Conclusions
According to the cyclic voltammogram of KF-KBF 4 molten salt, three oxidation reactions occur during the anodic process of graphite electrode. The first oxidation at 1.5 V corresponds to the formation of I-type "CF" compound. The second oxidation peak at 2.1 V corresponds to the formation of II-type "CF" compound. And the third oxidation peak at 4.9 V corresponds tothe evolution of fluorine. The electrochemical reaction of I-type formation is quasi-reversible, while the electrochemical reaction of II-type "CF" compound formation at 2.1 V is irreversible. The calculated value of charge transfer coefficient (¢) at 2.1 V for the formation of II-type "CF" compound is 0.26. The lower charge transfer coefficient ¢ implies that the charges transferring for the electrochemical reaction is not easy in the interface between the anode and electrolyte in this molten salt. The electrochemical impedance spectroscopies of the two oxidation reactions indicate II-type "CF" compound has higher resistance than I-type "CF" compound. 
